The supercritical fluid is used extensively, especially in substance extraction. The extraction of many substances has reached the economic-scale industrial bulk production stage. However, the research on the wastewater-free dyeing technique replacing water as dissolvent is still at a development stage. This study introduced the development situation of supercritical fluid dyeing technique, and described the evolution of stock dyeing, measurement of solubility of dye, studies of dyeing kinetics and instrument application studies, in order to provide related data for relevant studies in further development of this technique.
Introduction
The application of making fluid into supercritical fluid above critical temperature and critical pressure by heating and pressurizing it, especially supercritical carbon dioxide (Tc = 31˚C, Pc = 7.38 bar), originated from replacing traditional solvent extraction of caffeine from coffee bean or nicotine from tobacco [1, 2] . This technique has reached the economic scale of mass production. Relevant studies on using supercritical carbon dioxide for extraction and purification have thus emerged since 1980s, including application to vegetable essential oil extraction [3, 4] , abstracting lecithin beneficial to human health, extracting β-carotene and lycopene from tomatoes or producing powder requiring strict particle size distribution and purity in pharmacy, extracting oligomer from polymer [5] [6] [7] [8] , and application to fluorine-containing polymer polymerization dispersion reaction and gas chromatography technique as dissolvent [9] [10] [11] . The application domains have extended continuously, so that the supercritical fluid technique has become an important part of chemical and chemical industry domains.
In the application to fiber and high molecular material, the supercritical carbon dioxide is used to dissolve fluothane sizing agent to size and desize T/C blend fabric [12] . The supercritical carbon dioxide is used to dissolve chemical substances. The chemical substances are filled in the substrate to reinforce the physical and chemical properties of material [13] . Austrian scholar Marr [14] and German scholar Werner [15] reviewed related literature publication and technical conditions of using supercritical fluid in extraction processing, and proposed that the phase behavior of supercritical fluid dissolved solute under different PVT (P: pressure, V: volume, T: temperature) conditions is the key factor influencing the extraction effect. They argued that the important factors, such as phase behavior and solubility of solute in supercritical fluid, could be estimated by using the equation of state. Moreover, they listed the important parameters a, b, u and w of Van der Waals, Soave/Redlich-Kwong and Peng-Robinson equations of state in the application of supercritical fluid. [14] The estimated value accuracy of each equation of state in liquid or solid solute was related to the enthalpy and internal energy of solute and its interaction on fluid. Since Saus and Schollmeyer [16] [17] [18] [19] published literatures on using supercritical carbon dioxide dissolved dispersed dyestuff to dye polyester fiber in 1992, there have been a number of studies using supercritical carbon dioxide to dissolve dyed polyester, polyamide or even natural fibers, such as cotton, wool and silk. The carbon dioxide in the application of supercritical fluid is characterized by safety, innocuity, no waste-water pollution, low cost, incombustibility and reusability in dyeing technique. It is an environment-friendly alternate dissolvent, and is very promising in commercial development [20] . This study attempts to review the literatures on applying carbon dioxide to dyeing technique since 1992, and propose important achievements in the literatures to briefly describing the evolution of stock dyeing, solubility of dye, dyeing kinetics and instrumental technique. Related studies can thus obtain information to find out the technological development situation.
Evolution of Supercritical Fluid Dyeing
The supercritical carbon dioxide is the most natural and innocuous fluid. The dyeing technique replacing the existing organic solvent by this medium is very advantageous to environmental protection, wastewater treatment and manufacturing cost. Since the supercritical carbon dioxide fluid approximates to gas basically, there will be no more waste discharge when it is used to replace organic liquid to dye hydrophobic fiber, the industrial water, industrial waste, and energy consumption are reduced. In 1982, Chou and Wessinger [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] studied the absorbency and swelling capacity of supercritical carbon dioxide for polystyrene, PVC, polycarbonate and PMMA, polypropylene and polyester and polyurethane polymers. They applied the supercritical fluid technique to membrane separation gas mixture or to fill chemical substances in polymer for dyeing. The results showed that the polycarbonate and PMMA with carbonyl (C=O) have the maximum affinity for carbon dioxide and the most obvious plasticity. Kazarian used FTIR and ATR infrared spectrum analysis results [31, 32] to prove that the oxygen atom of carbon dioxide has polar effect on polymer carbonyl. The carbon dioxide was equivalent to the Lewis Pair reacted electron acceptor (acid); thus, using carbon dioxide as dissolvent is very potential in polymer dyeing.
Saus and Schollmeyer [16, [33] [34] [35] [36] used supercritical carbon dioxide to replace water as dissolvent, schematic diagram of supercritical fluid dyeing as shown Figure 1 , for disperse dye to dye polyester fiber in 1992. The polyester fiber was dyed successfully as the solubility of carbon dioxide for disperse dye, and it was easier than water to permeate in fiber. They claimed that good equalization and fastness of dyeing could be obtained directly without any additive. DeGiorgi [37] compared dyeing polyester fiber by supercritical carbon dioxide with that by water, the result showed that the K/S value of polyester fiber dyed by supercritical carbon dioxide as dissolvent at 80˚C and 240 bar was equivalent to the effect of water dyeing at 120˚C. In addition, Germany began to implement the 5 -10 L level quantitative test for supercritical dyeing of polyester fiber when literatures were published in 1992, and Bach and Schollmeyer [38, 39] increased the scale to 30 L in 1998, stepping towards an economic scale. At present, the major bottle-neck factor in the technique is that the design of fluid circulation equipments must consider reducing the color difference between the inner and outer faces of dyed fabric.
In 1994, Gebert et al. [19] carried out hydrophobic modification of cotton and wool fiber, and used disperse dye for supercritical carbon dioxide dyeing, but the fastness of dyeing was not ideal. Therefore, Lewis et al. [40, 41] used sodium benzoate and polyethylene glycol to modify cotton fiber respectively, and obtained good dyeing effect, but it was not commercialized because the cost was very high and the modification reduced the tearing strength of cotton fabric. In 2000, Liao et al. [36, 42, 43] used reactive disperse dye in supercritical carbon dioxide phase to dye polyamide fiber. The extraction of pyridine solution proved that the reactive disperse dye could react with the amido at the end of fiber for dyeing, but the dyeing K/S value <9, yet failing to attain darkening. Afterwards, Schmidt [44] used 2-brom acrylic acid and dichlorobenzene s-triazine to replace C.I. Disperse Yellow 23 dye end group as reactive disperse dye, the wool and silk fiber could be dyed successfully without any preparation, and various dyeing fastnesses were above grade 4. However, the dyeing duration at 280 bar and 160˚C should be 4 h in order to reach K/S value of 12, and the dyeing K/S value of cotton fabric was lower than 5, which was not ideal. Guzel and Akgerman [45] used new type of mordant dye in supercritical carbon dioxide phase to dye wool fiber. Sawada and Ueda [46] proposed that the dyeing mechanism of dyeing wool and silk fibers by acid dye conformed to the Langmuir adsorption behavior in 2004.
In 2007, Fernandez et al. [47] [48] [49] added cosolvent methanol in supercritical fluid phase, as the carbon dioxide was Lewis acid in the system, helping the methanol to replace the chlorine atoms of s-triazine reactive disperse dye to generate hydroxymethyl which had etherification reaction with cotton in carbon dioxide phase for dyeing, and the study compared the dyeing capacities of different substituent (Cl/OCH 3 /NH 2 /F) dyes in supercritical carbon dioxide, the dyestuff fixing rate was still higher than 75% after solution extraction. However, the methanol has optic neurotoxicity and volatility problems, further tests should be carried out to determine a safe and innoxious cosolvent. In 2000, Bilgehan [50] used mordanting to compare the mordanting effects of different dyes chelated by Cr(III), Al(III),Cu(II), Fe(II) and Sn(II), and further compared the differences among the colors of three dyes mordanted by different metal ions. The washing fastness was above grade 4, but the dyeing situation was not digitized. In terms of heavy metal mordanting, the metal ion should be mixed with a small amount of water to help the mordant dye adsorb to the fiber surface. In 2004, Ueda et al. [51, 52] used reverse micelle to dissolve acid dye in a micro amount of water, and added grade 4 ammonium salt cosolvent in acid dye solution to make it disperse in supercritical carbon dioxide phase stably to overcome the insolubility of acid dye in carbon dioxide. The wool and silk fibers could be dyed at 40˚C -55˚C, and the fiber extracting solution was tested by UV spectrum. The saturated amount of dyeing at 40˚C was 1 × 10 −5 mol/g fiber (wool) and 3 × 10 −5 mol/g (silk) respectively, and the apparent concentration K/S value was 20 -30.
In terms of polypropylene fiber, which cannot be dyed by traditional water bath, Bach and Schollmeyer [53, 54] found that the Tg point temperature of polypropylene fiber decreased obviously when the carbon dioxide pressure was higher than 250 bar. Thus, the supercritical carbon dioxide could plastify polypropylene fiber effectively, and help the disperse dye to penetrate into the fiber to dye it. Bach et al. indicated that the heterocyclic disperse dye had better dyeing effect on polypropylene fiber. Liao et al. [55] studied 450 d × 500 d polypropylene fabric, the microscopical analysis of optical slicing showed the disperse dye in anthraquinone structure could penetrate into the fiber inside yarn diffusely, whereas the water bath dyeing could not make it. It proved the potential of supercritical carbon dioxide in dyeing polypropylene fiber, but the fine denier polypropylene fiber dyeing should be overcome.
can be tested. In 1996, Akgerman and Bae et al. [58] [59] [60] In sum, for the tests of dye compatibility and multidye color matching, as the research on dissolving dye by supercritical fluid require a lot of research data, and the dyeing dissipation mechanism of dye is not yet understood completely, there should be more complete research data.
Dye Solubility of Supercritical Fluid Phase
As the key in the success of supercritical fluid dyeing is the solubility and dispersion particle size of dye in supercritical carbon dioxide phase, according to Gibbs phase rule [1] , the control variables of two component system are temperature T, pressure P and mole fraction x of solute to carbon dioxide. The three-dimensional three-phase diagram is formed from dye three-phase diagram and carbon dioxide three-phase diagram according to the P, T and x conditions change [56, 57] . A condition is fixed parallel to the P-x or T-x plane for cutting, so as to obtain the phase equilibrium diagrams of different dye strengthspressures and different dye strengths-temperatures. Therefore, the pressure and temperature conditions reaching the phase of uniform dye and carbon dioxide dispersion are selected. The dyeing tank is mounted with a high pressure proof transparent window, and the dye solubility In 2004, Ueda et al. [65] continued the reverse micelle experiment, and mixed pentaethylene glycol n-octyl ether with a small amount of surfactant to cover acid dye water solution. They measured the acid dye reverse micelle solubility in supercritical carbon dioxide, and found that the stability of reverse micelle phase in the carbon dioxide was related to the carbochain length of alcohol surfactant. The most stable dispersed state could be obtained using 1-pentanol. The dispersion stability decreased as the temperature rose and the pressure dropped, increasing the concentration of 1-pentanol was helpful to increasing the dispersion stability. The increase in the carbon dioxide pres-sure was helpless to the solubility of acid dye reverse micelle, which was different from the trend of disperse dye solubility increasing with pressure. It is ascribed to that the acid dye has no affinity for carbon dioxide.
As the solubility of supercritical fluid dye cannot be obtain by concentration accurately as that in water phase, it is required to develop more refined calculation to calculate the partition ratio between fiber and carbon dioxide phase, so as to help with the color repeatability in the future quantification.
Research on Supercritical Fluid Dyeing Kinetics
In order to further develop supercritical fluid dyeing technique for quantification, a theoretical model of distribution coefficient among the dye, fiber and supercritical carbon dioxide must be built. The diffusivity and equilibrium dyeing amount of dye in fiber at fixed temperature and pressure should be obtained. In 2002, Park and Bae [66] placed the dye (C.I. Disperse Red 60) exceeding the carbon dioxide solubility value in the dyeing tank directly for supercritical fluid dyeing of polyester fiber. The supercritical carbon dioxide was set as dilatant fluid, and the carbon dioxide phase was two-component fluid system of dye dissolved in carbon dioxide. The polyester fiber was three-component system of carbon dioxide, dye and fiber, and used Flory-Huggins theory. The activity coefficient of component k is:
The distribution coefficient value of dye in polyester fiber and carbon dioxide phase in dyeing equilibrium is: f is the mass fraction of dye in fluid phase. The obtained distribution coefficient varied with the dye structure. Generally, the distribution coefficient of 373.2˚K -393.2˚K and 160 bar -180 bar is higher than 1500, which is different from that of Bae et al. Moreover, the coefficient also decreased as the pressure increased, which was contradictory to the Bae trend. Ferri et al. suggested that increasing the density (pressure) of carbon dioxide could enhance the plasticity of fluid on fiber, so that the dye on the polyester fiber would return to the carbon dioxide phase and the distribution coefficient decreased. This study found that the dye on the polyester fiber may return to the carbon dioxide phase when different dye mole-cules are in different pressure ranges (above 220 bar) due to the difference in molecular size and the steric hindrance effect of chemical structure. The result of comparison between measured distribution coefficient and estimated distribution coefficient using empirical equation showed that the mean error value calculated by five-parameter semiempirical equation is lower than 6.6%.
The above studies are fundamental research on dyeing. As limited to equipment measurement technique, there are few literatures on the calculation of diffusion behavior and diffusivity of supercritical fluid dye in fiber, thus deserving further study.
Application of Instrumental Technique
In 1996, Kazarian et al. used infrared spectrometer FTIR and AT R and supercritical dyeing equipment with window to observe the plasticity of supercritical carbon dioxide on different polymer membranes [31, 32] , thus initiating the direct application of instrumental analysis. In 2005, Kazarian [72] used Raman infrared spectrometer to observe the diffusion behavior of C.I. Disperse Yellow 23 dye in PET fiber. The aberrations resulted from object lens entry refractive index and the optical refraction in the oil bath similar to object lens was eliminated. Different Raman spectra absorption peak intensity values between surface and center point in the fiber diameter could be obtained. The variation in intensity of Raman spectra absorption peak was observed at different times (absorption peak intensity was directly proportional to dye strength). The relationship between Raman spectra absorption peak intensity and time square root could thus be obtained. The straight slope value was converted into the diffusivity 3.5 × 10 −13 m 2 /s of Disperse Yellow 23 dye in the supercritical carbon dioxide, and compared with the 1.5 × 10 −13 m 2 /s calculated by Sicardi et al. [73] The results were very close. Therefore, a method was provided for using instrument to measure the diffusivity of supercritical fluid dye.
Conclusion
Supercritical fluid means that the operating temperature and pressure have exceeded the critical temperature and critical pressure of medium and the fluid has a lot of unique physic-chemical properties in supercritical state, such as low viscosity as gas, high density as liquid, high diffusivity, low surface tension and solubility. Operation of supercritical fluid carbon dioxide can be changed by controlling the temperature and pressure, even co-solvent. However, the research on the supercritical fluid carbon dioxide replacing water as dissolvent is still at a development stage. This paper has reviewed literatures on the development of supercritical carbon dioxide dyeing technique. It did not fully probe into all literatures on supercritical fluid dyeing, because the supercritical fluid dyeing uses the data from literatures of chemical phase equilibrium and chemical materials, fiber and dyeing kinetics, which could only be briefly mentioned in a summary paper. Furthermore, the evaluation of absorption isotherm should be studied on the future development of supercritical fluid carbon dioxide. The brief introduction on the existing circumstances of development can provide an understanding of the development of supercritical fluid dyeing technique for further studies.
